Abstract Acute lymphoblastic leukemia (ALL) and lymphoma (LBL) represent a disease spectrum. Activating mutations in Notch1 are found in 50-60 % of T-cell ALL, and little is known about its role in B-cell ALL. Notch1 activation results in upregulation of the mammalian target of rapamycin (mTOR) pathway. Expression of mTOR and downstream targets has not been characterized in LBL. We analyzed immunohistochemical expression of Notch1, phospho-mTOR, phospho-70S6 kinase, and phospho-S6 ribosomal protein in 15 cases of T-cell LBL and 10 cases of B-cell LBL obtained from Children's Oncology Group trial CCG 5971. Positive specimens were defined as ≥25 % expression. All specimens expressed Notch1 and most expressed phospho-mTOR and phospho-70S6 kinase, while a minority expressed phospho-S6 ribosomal protein. Our data suggest that expression of both the Notch1 and mTOR pathways are increased in T-cell and B-cell pediatric LBL and support further studies in determining the therapeutic role of Notch1 and mTOR inhibitors.
Introduction
Acute lymphoblastic leukemia (ALL) and lymphoblastic lymphoma (LBL) are thought to represent a disease spectrum differentiated primarily based on the percentage of blood and bone marrow blasts. By definition, the term lymphoma is used when the neoplastic process is confined to a mass lesion with no or minimal involvement of the peripheral blood or bone marrow [1] . These neoplasms are divided into T-ALL/ LBL and B-ALL/LBL based on the lineage commitment of the lymphoblasts. While B-ALL is seen predominantly in children, T-ALL is seen frequently in adolescents and has a worse prognosis compared to the B-ALL [1] . T-LBL comprises approximately 85-90 % of all pediatric LBL and frequently presents as a mediastinal mass.
Activating mutations in Notch1, a transmembrane protein that plays an important role in T-cell development, are found in 50-60 % of T-ALL [2] . There are four types of Notch transmembrane receptors, termed Notch 1-4 which can interact with Delta-like ligands 1, 3, and 4, and Jagged 1 and 2. Notch 1 is a single-pass heterodimeric transmembrane receptor. Its extracellular subunit mediates ligand binding that leads to proteolytic cleavage and release of the intracellular domain. The intracellular domain then enters the nucleus and takes part in transcriptional activity [3] . Only a limited number of downstream targets of Notch 1 have been described. These include hairy and enhancer of split (HES), HES-related protein (HERP), c-Myc, p21, and p26 [4] . Notch1 is also a key regulator of human T-LiC (leukemia-initialing cells) activity [5] .
Recent studies indicate that Notch1 activation results in upregulation of the mammalian target of rapamycin (mTOR) pathway through a number of possible intermediate signaling pathways, including the PI3 kinase/AKT pathways and c-Myc [6] . mTOR is a serine-threonine protein kinase present in all mammalian cells that controls a significant proportion of cellular translational activity, with resultant downstream effects on critical cellular functions such as cell growth, proliferation, and protein synthesis [7, 8] .
Mammals form two distinct targets of rapamycin complexes (mTORC1 and mTORC2) [9] . mTORC1, a complex of mTOR, raptor (regulatory associated protein of mTOR), and mLST8, is inhibited by rapamycin, an immunosuppressive agent obtained from bacteria. mTORC1 has a major role in protein synthesis. The major components of mTORC2 are mTOR, rictor (rapamycin-independent companion of mTOR), and mLST8. In contrast to mTORC1, mTORC2 is usually resistant to rapamycin. mTORC2 contributes to AKT activation, forming an autoregulatory loop that results in further mTOR activation [9] . mTOR-mediated translational regulation is achieved through phosphorylation of direct targets p70 ribosomal S6 kinase (p70) and eukaryotic initiation factor 4E binding protein 1 (4EBP1). p70 then directly phosphorylates ribosomal protein S6 (S6), leading to translation of messenger RNAs (mRNAs) with 7-methyl guanine caps. mTOR dysregulation has been identified in many human malignancies including hematologic malignancies, metabolic disorders, and benign tumor syndromes [10] [11] [12] [13] [14] [15] [16] . A simplified diagram of the Notch1 and mTOR signaling pathways is shown in Fig. 1 . In hematologic malignancies, expression of mTOR pathway proteins by immunohistochemistry has been identified in anaplastic large cell lymphoma (ALCL), where increased expression of p-mTOR, p-p70, and p-S6 were noted [17] , and in follicular lymphoma cases where increased expression of p-p70 was seen [18] .
Expression of the mTOR signaling pathway proteins has not been previously characterized in LBL by immunohistochemistry. We evaluated the expression of Notch1 and mTOR pathway proteins in biopsy samples of precursor-T and precursor-B LBL using phosphorylation of mTOR and downstream proteins as surrogates of mTOR activity.
Materials and methods
Case selection Fifteen cases of T-LBL and 10 cases of B-LBL were obtained from the archival material of the Children's Oncology Group (COG) clinical trial CCG 5971 for treatment of disseminated LBL using ALL-type therapy [19] . Cases were classified as T-LBL or B-LBL according to study protocol definitions. Patient identifiers were removed prior to the study, and clinical information was not available. All studies were approved by the local institutional review board (IRB) and were conducted in accordance with the Declaration of Helsinki.
Immunohistochemical staining Immunohistochemical stains for Notch1, phospho-mTOR (p-mTOR), phospho-70S6 kinase (p-p70), and phospho-S6 ribosomal protein (p-S6) using commercially available antibodies (Cell Signaling Technology, Danvers, MA, USA) were performed on representative sections of formalin-fixed, paraffin-embedded tumor tissue (lymph node or soft tissue mass) in all 25 cases following heat-induced epitope retrieval (HIER). Antibody staining was performed using a Ventana ES automated strainer (Ventana, Tucson, AZ, USA). All stains had appropriate staining positive and negative controls. Antibody clone, dilution used, and staining pattern characteristics are listed in Table 1 .
Interpretation Immunohistochemical stains were assessed independently by three authors (KJS, AMA, and MSL). Specimens were classified as positive if ≥25 % of neoplastic cells demonstrated positive staining, based on the average of the three assessments. Final designation of cases as positive or negative required classification agreement of at least two of three authors. The cutoff of 25 % was chosen as it far exceeded any staining observed in the negative control tissues for each stain. Intensity of staining (weak, moderate, strong) was also noted (using positive controls as a guideline), but was not used as a criterion for classification of the cases as positive or negative for a given marker. Table 2 In benign lymphoid tissues (control material), we observed weak to moderate staining for Notch1 in T-cells and nongerminal center B cells. We also observed moderate pp70 staining in T cells and both germinal center and nongerminal center B-cells and moderate staining for p-S6 in T cells but not B cells. No staining for p-mTOR was observed in B-or T-cells in the normal lymphoid tissues we evaluated, but moderate to strong positive staining was observed in a colon cancer specimen used as a positive control.
Results

Results of the immunohistochemical stains are shown in
Discussion
Recent studies have shown that the mTOR pathway is positively regulated by Notch1 signals in T-ALL cells [6] . The Notch family of transmembrane receptors plays a critical role in cellular differentiation, proliferation, and apoptosis in numerous cell types, and Notch has been implicated in a variety of malignancies, including hematologic and solid tumors [20] [21] [22] . It is known that a subset of T-ALL require constitutive Notch activation for proliferation, and activating mutations in Notch1 are present in 50-60 % of T-ALL cell lines [2] . In this study, we evaluated Notch 1 and the phosphorylated forms of mTOR and downstream targets p70 and S6 by immunohistochemistry. Staining of the mTOR pathway protein components is predominantly cytoplasmic due to their involvement in translation. However, in our specimens, p-p70 staining appears nuclear and cytoplasmic. It should be noted that cellular localization of staining is difficult to determine in blasts with high nuclear to cytoplasmic ratios. The Notch1 antibody used in this study demonstrates both nuclear and cytoplasmic staining since it recognizes the cytosolic domain of Notch1 when cleaved between Gly1743 and Val1744 that subsequently translocates to the cell nucleus.
The majority of our T-LBL and B-LBL cases demonstrated expression of Notch1, p-mTOR, and p-p70 (in various combinations), but overall expression of p-S6 was low. The results suggest that both the Notch1 and mTOR pathways are active in pediatric lymphoblastic lymphomas of both T-cell and Bcell lineage. The moderate to strong Notch1 expression is in contrast to the weaker expression seen in normal interfollicular T-cells and nongerminal center B-cells we observed in normal lymphoid tissues, suggesting overexpression in the LBL cases. Although Notch1 was overexpressed in all cases, expression of mTOR pathway proteins was more variable. Overall, 60 % of both the T-LBL and B-LBL cases were positive for both p-mTOR and p-p70, and positive staining of at least one of the mTOR pathway components was present in all but two cases (one T-LBL and one B-LBL) that were negative for p-mTOR, p-p70, and p-S6. No specific patterns were identified when only one or two mTOR pathway components were positive. The findings suggest that Notch1 activity is upregulated in the majority of these lymphomas and may represent a major pathway leading to cell proliferation and growth and that the mTOR pathway is also active in many cases of LBL. Staining for mTOR pathway components p-p70 and p-S6 (but not p-mTOR) was also seen in benign lymphoid tissues that we evaluated. Downstream Notch1 signaling may not involve mTOR in all cases, and alternative targets and pathways likely play a role even in cases with active mTOR signaling. Specifically, the lack of p-S6 staining in most cases, even when other mTOR pathway components were expressed, may suggest that another downstream target of mTOR plays a significant role. It is also possible that our cutoff for p-S6 positivity was set too high (≥25 % positive cells) since most T-LBL cases that were classified as p-S6-negative demonstrated 10-20 % positive cells. p-S6-negative B-LBL cases generally had very little to no staining.
Although we observed overexpression of Notch1 in 100 % of our cases, Notch1 activating mutations have been reported in only 50-60 % of T-ALL cases [2] . Notch1 genetic status was not available for our cases. However, overexpression of Notch1 in the absence of a mutation may be due to disruption of usual regulatory pathways leading to overproduction, increased stability, or decreased degradation of Notch1. In addition, translocations involving the Notch1 gene (9q34) have been reported in T-ALL and T-LBL, which are thought to result in aberrant expression of transcription factors, contributing to development of malignancy [23] .
One possible intermediary linking the Notch1 and mTOR pathways in LBL is c-Myc, a proto-oncogene involved in cellular growth, which has been identified as a downstream target of Notch1 [4, 6, 24] . A previous study from our group documented high expression of c-MYC protein in 17 of 22 (77 %) T-LBL cases evaluated by immunohistochemistry [25] . In addition, Palomero and co-workers recently showed that Notch-1 and cMyc control a feed-forward loop of transcriptional networks that regulate leukemic cell growth [24] . Occasional cases of T-ALL and T-LBL have c-Myc overexpression due to a chromosomal translocation at 8q24 [23] .
Knowledge of the role of Notch1 and mTOR signaling in ALL and LBL has therapeutic implications [8, 26] . Chan et al. have demonstrated that mTOR is regulated by Notch1 and that the combination of Notch1 and mTOR inhibitors resulted in synergistic inhibition of T-cell growth [6] . Cullion et al. have shown that the combination of Notch1 inhibitors (gamma-secretase inhibitors, GSI) and rapamycin increased apoptosis and inhibited tumor cell growth in a T-ALL model [27] . Clinical trials, such as Children's Oncology Group ASCT0431 (National Cancer Institute identifier NCT00382109), are underway looking at the benefit of adding mTOR inhibitors to ALL therapy. There is also some evidence that mTOR may play a role in precursor B-ALL, since rapamycin has been shown to induce apoptosis in precursor B-ALL lines in vitro, and has in vivo activity in mice with precursor B-cell neoplasms [28] .
In conclusion, our data from a small cohort of LBL cases show that Notch1 and mTOR pathway proteins are active in both T-and B-cell LBL. This information helps to further characterize the signaling pathways that are activated in LBLs, and supports further studies in determining the potential therapeutic role of Notch1 and mTOR inhibitors in children and adolescents with LBL.
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